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Abstract
This thesis presents a method to analyze the viscous flow around marine propellers
using boundary layer strip theory. The resulting computer code, PSF10-BL, couples
the 2-D interactive boundary layer method used in XFOIL to a 3-D perturbation
potential panel method, PSF10. The coupling procedure assumes that the bound-
ary layer of the marine propeller is 2-D along constant radial strips of the propeller
blade, although a chapter is given to describe the changes necessary to modify this
assumption. This thesis also presents a 2-D viscous/inviscid interactive boundary
layer code, PAN2D-BL, which couples a 2-D perturbation potential panel method to
the boundary layer method of XFOIL.
Comparisons between PAN2D-BL and XFOIL show that the choice of panel
method to couple to the interactive boundary layer method is insignificant. Results
of PSF10-BL for the DTRC 4119 propeller are given and compared to experimen-
tal results. The global quantities of thrust, torque and efficiency are compared as
well as the local quantities of displacement thickness and section drag coefficient.
The resulting comparisons are quite good showing the applicability of the method to
conventional marine propellers.
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Chapter 1
Introduction
Panel methods have been used extensively to study flow around bodies of arbitrary
shape. Many different panel codes have been developed for use in the study of marine
propellers. These methods include Hess and Valarezo [11] , Vaidanathan et al. [17],
and Lee [15]. The limiting assumption of panel methods is that the flow is assumed
to be potential flow. Thus, panel methods do not give any indication of the effects of
viscosity on the flow.
Few viscous flow codes have been developed for marine propellers. However,
Groves [9, 10] has developed a momentum integral and a finite difference bound-
ary layer procedure for marine propellers. Groves' finite difference procedure shows
that over mid-span sections of a conventional marine propeller (DTNSRDC Model
Propeller 4119 [2]) at a constant radius the three dimensional fully rotational bound-
ary layer solution can be predicted accurately with two dimensional boundary layer
theory. Since the majority of thrust is developed from the mid-span portion of the
propeller blade, this result suggests that two dimensional boundary layer theory could
be used to determine the effects of viscosity on thrust, torque, and efficiency of a ma-
rine propeller.
Airfoil analysis procedures typically use the interacted viscous-inviscid zonal ap-
proach. This approach divides the flow into an inviscid outer region and a viscous
inner boundary layer region. The viscous and inviscid flows are strongly coupled,
usually through a wall transpiration boundary condition on the inviscid flow. Codes
that use this approach are the GBK [1] code and the GRUMFOIL [16] code. Meth-
ods of this type have been improved by Drela and Giles [4, 5, 6] with the ISES code
and by Drela [3] with the XFOIL code. The XFOIL code uses essentially the same
boundary layer formulation as ISES, however, the inviscid formulations are different.
ISES uses the steady Euler equations for the inviscid formulation while XFOIL uses
a panel method. The XFOIL code requires significantly less computational time than
does ISES and is completely applicable for incompressible flows.
The purpose of this thesis is to account for the effects of viscosity on thrust, torque,
and efficiency in the study of steady flow around a marine propeller. The method
employed in this thesis is the coupling of a two dimensional boundary layer method
with a three dimensional panel method. The two dimensional boundary layer method
will be utilized in strips along the propeller blade in which the flow can be considered
two dimensional. The assumption of which strips along the blade two dimensional
flow exists is the fundamental assumption in the application of the method.
The three dimensional panel method chosen for the inviscid flow was Lee's [15]
method which was improved by Hsin [12] for analyzing highly skewed marine pro-
pellers. Lee's program, PSF10, is a low order perturbation potential panel method.
Lee [15] did a comprehensive study on panel methods and concluded that this was
the best method for the marine propeller application. The two dimensional bound-
ary layer method used is the same as was used in the XFOIL and ISES codes. The
coupling procedure between the inviscid and viscous regions will be very similar to
that used in XFOIL along a blade strip. However, the inviscid panel method used
in XFOIL is a linear vorticity streamfunction formulation rather than a perturbation
potential method.
Chapter 2 describes the coupling of a two dimensional perturbation potential
panel method to the viscous routines of XFOIL. The resulting program, PAN2D-BL,
serves the same purpose as XFOIL, namely the solution of the interactive boundary
layer problem for the airfoil case, but uses the same type of panel method used in
PSF10. Chapter 3 then extends the coupling of the boundary layer solution to the
three dimensional panel method along strips. The resulting program, PSF10-BL, is
then used to study the effect of viscosity on the global quantities of thrust, torque,
and efficiency and the local quantities of displacement thickness and section drag
coefficient for the DTRC 4119 propeller. Comparison of these results is then made
to the experimental results of Jessup [13].
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Chapter 2
PAN2D-BL: A 2-D
Viscous/Inviscid Interactive
Boundary Layer Code
This chapter gives the derivation for the two dimensional viscous/inviscid interactive
boundary layer method named PAN2D-BL. Section one gives the basic theoretical
background for the 2-D perturbation potential panel method. Section two describes
the implementation of the wall transpiration model of the boundary layer. Section
three briefly describes the viscous formulation. Section four gives the details of the
coupling between the viscous and inviscid formulation. Section five compares results
obtained from PAN2D-BL to XFOIL results. Section six shows some convergence
properties of PAN2D-BL.
2.1 Inviscid Formulation
Referring to Figure 2-1, potential flow around an airfoil is governed by
V 20 = 0; V 24' = 0 (2.1)
Figure 2-1: Notation used for the application of Green's Theorem
where q is the perturbation potential outside the foil and 0' is the perturbation
potential inside the foil. The boundary conditions for the problem are:
1. The flow must be tangent to the wall at the boundary. This condition is the
kinematic boundary condition given by:
= _ nU i (2.2)8n
2. For steady flow the pressure jump across the wake surface, S,, is zero while
the potential jump, AL, across the wake surface is the same as the circulation
around the body
AO, = F (2.3)
3. A Kutta condition is required which uniquely specifies the circulation and re-
quires that the velocity at the trailing edge be finite.
4. The flow far away from the body is undisturbed.
U
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Figure 2-2: Discretization of an airfoil for use in a panel method
For the two dimensional problem Green's Theorem states that
=SB Ofanq aOl anq) J +
(2.4)
where 0 is the perturbation potential velocity in V, 0' is the perturbation potential
velocity in V', p is the field point where the induced potential velocity is located, q is
the point where the singularity is located and r is the distance between points p and
q.
If we choose p on the body surface (0 = O, = Op, n = nq) and 0' equal to zero
(which corresponds to an undisturbed flow inside the foil) then equation 2.4 becomes
(2.5)
(s n rd-Os n an ) an
Referring to Figure 2-2 we discretize the body into N panels (therefore N+1
UC.0
Lt a~--------~
!
m
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nodes). Equation 2.5 can then be written as
Dijj + WAW = Si 1 < i < N (2.6)j=1 j=1 ( j
where
a 8(ln r))j = c On ds
Sij = / In r ds
Wi = O(ln r) d
sw dOn
We can satisfy the Kutta condition using a modified Morino Kutta condition [15]
Aw = 4"V - tV = ON - 1 + U0oo -re (2.7)
where the U7, - 't, term represents the potential jump between trailing edge control
points due to the inflow velocity. Specifically Uloo is the freestream velocity and rte is
the distance between the control point of the upper and lower trailing edge panels.
Thus, from equation 2.6 we get a linear system of equations in the form
SAin = ) Sij - WiUoo - 't 1 < i < N (2.8)
j=1 j-1 \ 3
where
A;j 7r if i=j
Dij if i # j
and
Aij Aj - Wi if i=1
Aij + W, if i=N
and (_) is given by the kinematic boundary condition 2.2. We can thus invert
Aij to obtain Oj at each singularity on the foil. The location of each singularity in
PAN2D-BL is located at the midpoint of the panel.
U
To properly model the boundary layer in the potential formulation the wall tran-
spiration model is used. To apply the wall transpiration model, blowing sources of
unknown strength are added to the body and wake of the body in Figure 2-2 at
the singularity points defined in Section 2.1. For the potential formulation without
blowing sources the wake need not be panelled, however, for the blowing sources a
wake geometry must be defined. In PAN2D-BL the wake geometry is assumed to be
a straight line parallel to U, at zero angle of attack. More rigorously the wake should
be the trajectory of an inviscid streamline emanating from the trailing edge point.
XFOIL defines the wake in the more rigorous manner, but the differences obtained
are very minimal.
The result of adding the blowing sources to the potential problem modifies equa-
tion 2.8 to become
N N N+N,
Ai S1 , -WiUloofre+ S B.ji l<i<N (2.9)j=1 j= j j=1
where aj is the unknown blowing source strengths, N is the number of foil panels, and
N, is the number of wake panels. Bij is another source influence matrix analogous to
Sij in equation 2.6; however, now the influence of the wake panels are also taken into
account. The unknown blowing source strengths are directly related to the boundary
layer values by
d( Ue*)O ( = (2.10)
ds
where U, is the edge velocity of the boundary layer, 8* is the displacement thickness,
and d/ds is the derivative with respective to the arc length s.
Since the panels close to the trailing edge have much more impact on the overall
solution than panels far from the trailing edge, more panels are distributed closer to
the trailing edge. In PAN2D-BL the length of the first wake panel is set equal to the
length of the last foil panel and the overall wake length is set to five chord lengths. An
exponential stretching function is used to distribute the panels so that more panels
2.2 Wall Transpiration Model
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Iare distributed closer to the trailing edge. The actual number of panels in the wake
is an input to PAN2D-BL.
2.3 Viscous Formulation
The viscous formulation used in PAN2D-BL is the same as that used in XFOIL [3]
and ISES [5]. A summary of the viscous formulation will be given here and further
details can be found in these references.
The governing equations of the viscous formulation are the standard compressible
integral and kinetic energy shape parameter equations. Note that the derivations in
references [3, 5] include compressibility effects, but since marine propellers operate in
water, which is virtually incompressible, these can be simplified by setting the Mach
Number equal to zero. The equations are
dO 0 dU d C- (2.11)S+ (2 + H - Me2) dUe (2.11)ds U, ds 2
dH* dU C  (2.12)
0 + (2H** + H*(1 - H)) = 2 CD H* (2.12)
ds Ue d- 2
A rate equation from Green [8] for the maximum shear stress coefficient, C,, is
used to account for deviations of the outer turbulent layer dissipation coefficient CD
from the local equilibrium value
SdC,. / 2 4 [C Hk-1 \ 21 1 dU, (2.13)
.b d :5.6( C/2 - C112) + 2b 4 (2-13)C, ds '6( ) 2 36* 6.7Hk U, ds
In laminar regions the shear stress lag equation 2.13 is replaced by a rate equation
which modifies the growth amplitude of the most amplified Tollmien-Schlichting wave
dii di . dReeSd (Hk) (d Hk, 0) (2.14)ds dRee ds
The empirical relation •e (Hk) is a correlation of spatial growth rates to the Orr-
Sommerfeld equation and d-R_(Hk, 0) is obtained from the properties of the Falkner-
Skan profile family. The transition point is defined where ii reaches a specified critical
value. In PAN2D-BL iic,,it is set equal to 9 corresponding to an e9 type amplification
formulation.
The fundamental variables governed by the boundary layer equations are 0, 5*, and
C, for turbulent flow, and 0, 6", and ii for laminar flow. Additionally Ue is present
as an external unknown which is determined by the panel method. The derivation of
U, will be given in section 2.4. To close the integral boundary layer equation 2.11,
2.12, 2.13, 2.14 auxiliary variables are defined in terms of 0, 6", C,, and U, with
the following functional dependencies
Hk = Hk(H,Me); H* = H*(Hk,Me,Ree) (2.15)
Cf = Cf(Hk, Me,Ree); U. = U,(H*,H, Hk); CqQ = CB,q(H*,H, Hk,U,) (2.16)
CD = fU. + C,(1 - U.); H = H**(Hk,Me) (2.17)
The actual expressions for these functional forms are given in reference [5].
The governing equations 2.11, 2.12, 2.13, 2.14 are discretized using two-point
central differences. The boundary layer variables are defined to be located at each
panel node. Each airfoil and wake panel therefore has three coupled non-linear equa-
tions.
2.4 Inviscid/Viscous Formulation Via the Wall
Transpiration Model
The potential and boundary layer equations are coupled through the added blowing
sources through the edge velocity, Ue. The edge velocity at the panel nodes is given
by an inviscid term and a term involving the unknown blowing sources through the
mass defect term, m = UeS*, by
N+N,
Ue, = Uin,, + E Dijmj 1 < i < N + Nw (2.18)
j=1
I
The fundamental difference between the method described here and XFOIL is in the
computation of Ui,, and the mass defect influence matrix Dij. A derivation for these
terms using the perturbation potential method is given below.
Starting with equation 2.9 and inverting Aij gives the perturbation potential at
each singularity on the foil as
N N N -WjU , +N k j NliN
4 = A-x' Sjk U., r t + Ak ki
j=1 k=1 k j=1 k=1 (2.19)
The total potential is obtained by adding the freestream potential to equation 2.19.
This gives
'Pi = Oi + 000 (2.20)
Note that this quantity contains terms that are directly known from the panel solution
and terms that contain the unknown source strengths. Thus, we can group the terms
as
N+N,
i = invi + Hijoj 1 < i < N (2.21)
j=1
where
invi -, +oooo  A -' Sjk WW U m - r .k
j= k=1 k
N
Hi = A ~'BkJ
k=1
Differentiating the total potential with respect to the arc length coordinate s, which
is carried out using central differencing, gives the edge velocity at the panel nodes.
This expression again has a term that can be directly calculated from the inviscid
formulation and an unknown term containing the source sheet strength
d 4 d4inv d N+±N
Uei i nv+ - H j 1 < i < N (2.22)ds ds ds =(2.22)
Ue, = Uin,, + E Cioj 1 < i < N (2.23)
j=1
In the wake the edge velocity at the panel nodes again can be found from differ-
entiating the total potential at the control points. The potential at the control points
in the wake, which is an average of the upper and lower wake potentials, is given by
Green's theorem as the sum of the foil sources and dipoles as
1 OqY'\ A(ln r) 1
Owake In r - - ') ds J [( -(Inr)]ds (2.24)21 n dn OOn ) 2 s
We again set o' equal to zero as in section 2.1 corresponding to no flow inside the
foil. In discretized form bringing the 2x factor within the influence functions gives
N N N+N0
wake -- Ai + C Ci N+ Z C,7jf N+ 1 < i < N + Nw  (2.25)j=1 j=1 j '-1
where oj are the unknown source strengths at each panel, () are the known source
strengths at each panel set by the kinematic boundary condition, 4j are the known
dipole strengths at each panel from the potential solution and A!ý, ., and Co are
the influence functions given by
1 / O(lnr)sA" = dsr
i' 2r JcI ndn
Ci 2 = fc
C 1 Iln rds
27r ic,
Note that C .j0 is applied along both wake and foil panels while Cf. is applied only
along foil panels. The perturbation potential, Oj, is given by equation 2.19. Note
that the perturbation potential in the wake is given by an inviscid term and a term
involving the unknown blowing sources. Thus,
N+N,
Owakei = inv,,,ae i + Gijj N + 1 < i < N + N (2.26)j=1
N,•,,lV,,aki = Ai
j=1
N (N
Gij = CE E AikA- Bj + C j
l=1 k=1
The edge velocity at the panel nodes is obtained by adding
tial, 0,, to equation 2.26, and differentiating to obtain
the freestream poten-
(2.27)
N + N,.
E Cij oj N + 1 < i < N + N, (2.28)
j=1
We now have in equations 2.23 and 2.28 expressions for the edge velocity in terms
of the inviscid velocity, a known influence function, Cij, and an unknown source
strength, oj.
Applying the wall transpiration model using 2.10 and numerically differentiating
gives
Oj (i+l - mi) (2.29)
Si+i - Si
where the mass defect, m, is Ue,*. Substituting for aj in 2.23 and 2.28 gives the
general expression for edge velocity at the panel nodes given in equation 2.18.
Using 2.18 along with the boundary layer equations 2.11, 2.12, 2.13 and 2.14
gives a closed set of three coupled non-linear equations. This system, which is elliptic
due to the global mass influence on U, is solved by a full Newton method. The Newton
variables are defined to be S0S, bmni, and either bSii or SC, depending on whether the
flow is laminar or turbulent at station i. The form of the Newton system is
[J4]
6,9
S omj
ii or 6C,
I {-Ri} 1 < i < N + N, (2.30)
where
A- ' A 1r Slk 1- 1 U .te]) + C ijj1=1 Ik=1 k =1
d( wake
Uewakei = ds
Uewakeyi = (invwake i +
(d',inv)wake d . N+.
+ ds , Gi 1 Od s ) =1
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The solution of this Newton system solves the interactive boundary layer problem.
2.5 Validation of PAN2D-BL
In section 2.4 the edge velocity was derived in terms of the inviscid velocity and
the mass defect influence matrix Dij. The computation of these two values is the
major difference between PAN2D-BL and XFOIL. Thus, it is natural to compare the
methods to determine whether any substantial differences exist due to the different
inviscid formulations.
The foil chosen for a comparison was a NACA 2410 foil at a Reynolds number
based on chord of 106 at an angle of attack of 5 degrees. The forced transition points
input on each side of the foil were at x/c = 0.92. As the results show this foil will
transition on the suction side before z/c = 0.92 using a value of iirit = 9 while on
the pressure side the transition will be forced according to the input. Both cases used
120 total foil panels although the distribution of these panels were slightly different
due to the difference in panelling schemes within the two codes. For the PAN2D-BL
case 20 wake panels were used.
The pressure plots for the NACA 2410 foil at a = 5 and Re = 106 using both
XFOIL and PAN2D-BL are given in Figures 2-3 and 2-4. The dashed line in each
figure corresponds to the pressure computed from the inviscid edge velocities while
the solid line corresponds to the pressure computed from the viscous edge velocities.
Note in both cases the loss of lift due to the boundary layer. Also note that both
plots have a similar "kink"in the graph at E ~ 0.22 due to the transition location on
the suction side of the foil.
Figures 2-5 and 2-6 show the displacement thickness on the suction and pres-
sure side computed using both XFOIL and PAN2D-BL. Note in the wake that the
boundary layer variables are the sum of the upper and lower wake contributions.
Both XFOIL and PAN2D-BL treat the wake as a single shear layer. Therefore, the
apparent "jump" in the graphs at x/c=1.0 (see Figure 2-6 for example) is due to the
summation of the upper and lower wake layers. This "discontinuity" is a plotting
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Figure 2-3: Pressure plot for NACA 2410 foil using XFOIL
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phenomenon not a physical phenomenon.
On the pressure side of the foil the computed displacement thicknesses lie directly
on top of each other. On the suction side some slight differences occur near the
trailing edge. Also slight differences exist in the near wake. These differences can be
attributed to the different panelling schemes in the two codes. For this run PAN2D-BL
used a cosine distribution of points while XFOIL distributes more points at the leading
edge and transition point. The cosine distribution for PAN2D-BL is necessary for the
inviscid solution method to properly apply the Kutta condition to obtain like values
of velocity on the upper and lower portions of the trailing edge. Slight differences also
exist in the wake panelling schemes. Despite these slight panelling differences very
good agreement is obtained including the location of the free transition point on the
suction side of the foil.
Figures 2-7 and 2-8 show the momentum thicknesses on the suction and pressure
sides of the foil using both XFOIL and PAN2D-BL. In both cases insignificant differ-
ences between the two codes exist on the foil while slight differences persist in the near
wake. Again these differences result from the slight panelling differences. However,
in the far wake where momentum thickness is used to compute the drag coefficient
using
Cd = 2 (2.31)
C
the differences are much less. PAN2D-BL computed a drag coefficient of Cd = 0.00815
while XFOIL computed a drag coefficient of Cd = 0.00818. This is less than 0.4%
discrepancy.
The results of this section for a typical foil at typical operating conditions shows
that no appreciable differences exist in the solutions for PAN2D-BL and XFOIL for
the test case run. Thus, as expected, the choice of inviscid panel method does not
significantly affect the boundary layer solution for a typical foil. The only instances
in which the boundary layer solutions would be significantly different is if the inviscid
solutions computed by the two different panel methods were significantly different.
2.6 Convergence Characteristics of PAN2D-BL
In the previous section results of PAN2D-BL were compared to XFOIL results for
a NACA 2410 foil with 120 foil panels. Using an IBM RISC/6000 computer those
results took less than 10 seconds to complete. However, in the three dimensional
marine propeller case the inviscid solution requires the Aij matrix of equation 2.8 to
have dimensions equal to the number of chordwise panels multiplied by the number
of spanwise stations. Thus, a much larger system of equations must be solved which
requires significantly more computational time. For example, the inviscid solution
alone for 40 chordwise panels along 20 spanwise sections requires Aij to be an 800 by
800 matrix which takes approximately 7.5 minutes to factor on the IBM RISC/6000.
Thus, it is very important that the number of chordwise panels be minimized to
reduce computational time. This section compares viscous results as the number of
panels is increased for two different foils using PAN2D-BL. The first foil is the NACA
2410 and the second foil is the NACA 66 modified foil. A comparison of these two
foils is given in figures 2-9 and 2-10.
The first case is the case run in section 2.5, ie. the NACA 2410 foil with Re = 106
and a = 5 degrees. Figures 2-11, 2-12, 2-13, and 2-14 show the resulting solution for
the displacement thickness as the number of panels is increased. These figures show
that the displacement thickness does not change as the number of panels is increased
above 80. Figures 2-15, 2-16, 2-17, and 2-18 show that the momentum thickness
also does not change above 80 panels. Thus, for this particularly case 80 panels is
sufficient to capture the best solution possible with PAN2D-BL.
The second case run is a NACA 66 modified foil at Re = 106, a = 0 degrees
and forced transition at x/c=0.5 on both sides of the foil. The NACA 66 modified
foil operating at these conditions is typical for a marine propeller section. For this
particular case the thickness to chord ratio is 0.05418 and the camber to chord ratio is
0.02003. This foil corresponds to the foil section of the DTRC (or DTNSRDC) 4119
propeller [2] at Z = 0.7. The DTRC 4119 propeller will be analyzed in Chapter 3.
The boundary layer quantities _ and 1 for this case also do not change aboveC C
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Figure 2-9: NACA 2410 foil geometry
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Figure 2-10: NACA 66 modified foil geometry
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80 panels as shown in Figures 2-19 to 2-26. Thus, the number of panels to obtain
the best viscous solution possible with PAN2D-BL can indeed be reduced from 120
for the two cases analyzed here. The two dimensional cases show this reduction to
be to 80 total panels. In general the "best" number of panels will depend on the
airfoil geometry, Reynolds number, icrit etc. A similar convergence study for the
three dimensional code will be performed in Chapter 3 to determine what constitutes
a good panelling choice in 3-D.
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Figure 2-22: Pressure Side 1 for NACA 66 foil for 80, 100 and 120 foil panels
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Chapter 3
PSF10-BL: A 3-D Boundary Layer
Strip Code
Chapter 2 gives the background necessary for combining the interactive boundary
layer method of XFOIL to a perturbation potential panel method. In three dimensions
the ideas of Chapter 2 are applied in a stripwise fashion along the propeller blade.
Section one details the stripwise approach. Section two gives the modifications in the
two dimensional method that are necessary for the three dimensional formulation.
Section three details problems encountered in the three dimensional formulation that
were not present in the two dimensional problem. Section four gives convergence
characteristics for the three dimensional method. Section five presents results of the
method applied to the DTRC 4119 marine propeller.
3.1 Stripwise Approach to Solution
The basic idea of this method is to assume that the flow along some section of the
propeller blade is two dimensional in suitably-oriented axes, and that a two dimen-
sional boundary layer method can be applied in those axes. This assumption of
two-dimensional boundary layer flow along some direction on the blade surface is
crucial to this method. If indeed two-dimensional boundary layer flow does exist to a
reasonably good approximation at some section of the blade, what is the appropriate
U00
U7.-
U'..
Figure 3-1: Infinitely Swept Wing
axis orientation?
This question of locally two dimensional flow along a section of a three dimensional
wing is a problem that has been looked at in some detail. Referring to Figure 3-1 the
general continuity, (, and r momentum equations in any orthogonal axes (,q along a
swept wing are
au. O, Owcont. - + Y +  (3.1)
S- mrom U + w + I = l - + e + (3.2)
a4 aq Ty a4 a4 ay
mw + w ow Eu, , r(3.3)77 -mom UF4 + lv-w + v-- = n, + W, + a (3.3)'q B Y By 97 a? By
Note that u, w and v are the velocities along 4, 77 and y, ui and We are the velocities
at the edge of the boundary layer along 4 and 77, and Tr and r, are shear stresses
parallel to the wing surface in the ( and q directions respectively.
For an infinitely swept wing, the appropriate axis orientation is aligned with the
leading and trailing edge, axes a) in Figure 3-1. In this case, there is a constant
Best Choice ???
Figure 3-2: Swept Wing With Taper
crossflow velocity component at the edge of the boundary layer in the q direction.
Also due to the parallel leading and trailing edges the boundary layer quantities do
not change along q, which here is referred to as the "invariant" direction. Therefore,
all ! and -0 terms are zero. Equations 3.1, 3.2 and 3.3 can then be reduced to
cont. + = O8 By (3.4)
OU Ou Out, Or7y
c - mom u- + v- = u, + ' (3.5)
-6 By 8( ay
Ow Ow 7Or
77 - momn U -+ = - (3.6)
Equations 3.4 and 3.5 are decoupled from equation 3.6. Equations 3.4 and 3.5 form
the 2-D boundary layer equations with the effective inviscid edge velocity being the
component along (. We have therefore reduced the complicated 3-D boundary layer
equations to the simpler 2-D equations exactly for the infinite swept wing with parallel
leading and trailing edges. The 2-D equations are then solved along the ( strips of
U0
the wing. Again, this hinges on the assumption that 8o) = 0 along the "invariant" r
direction.
Figure 3-2 shows a tapered wing whose leading and trailing edges are not parallel.
The exact simplifications of the previous case, 2fQ and w-, are not strictly true. How-
ever, one can assume a "nearly invariant" direction y for which these approximations
are reasonable either through experimental data or as an a-posteriori calculation from
the assumed 2-D solution. These assumptions greatly reduce the computational diffi-
culty by reducing the 3-D boundary layer equations to 2-D along appropriate ( strips
of the wing. The choice of the best invariant 77 direction then becomes the major
issue of the calculation.
The complicated geometry of the marine propeller does not allow an obvious
determination of what the invariant direction r should be. Groves [10] completed a
finite difference three dimensional rotational boundary layer model and found for a
conventional marine propeller (the DTRC 4119 propeller) that along a constant radial
strip of r/R=0.7 of the propeller blade her fully rotational 3-D results compared very
well to a pure 2-D boundary layer code and that these results compared favorably to
the experimental results of Jessup [14]. Thus, an assumption that the boundary layer
is 2-D along constant radial strips is a logical choice.
For mid-span sections of the blade where a significant portion of the thrust and
torque is generated the 2-D assumption should hold. For tip regions and very near
the hub where significant three dimensionality exists this assumption is probably not
reasonable. However, the advantages in computational speed of the 2-D method over
a 3-D method warrant this simplification. Also since the global effect of viscosity on
thrust and torque is most important for the mid-span sections the assumptions are
valid for the most important portion of the blade.
In the infinite swept wing case the invariant direction y allows a 2-D boundary
layer calculation along the ( component normal to the leading and trailing edges.
For the propeller we assume the ( direction is along constant radial lines. Thus,
the 77 direction is assumed perpendicular to ( at each chordwise station as shown
in Figure 3-3. Intuitively it does not make sense that the boundary layer variables
Figure 3-3: Assumed 2-D Boundary Layer For the Marine Propeller Case
would be constant along the radially outward r direction if the leading edge is swept.
However, very few boundary layer measurements exist for the marine propeller and no
experimental determination exists for what the best 77 direction should be. Therefore,
at the present time we must be satisfied with the correlation to experiment along
constant radial lines as shown in Groves [10] and Jessup [13, 14]. Chapter 4 presents
a modification of the constant radial strip method that could be implemented if a
better choice of the invariant direction 7 were determined.
3.2 Basic 3-D Strip Method
Section 3.1 details the basis for the assumptions of the present method. In summary
the two major assumptions for the propeller boundary layer calculations are
1. The boundary layer is locally 2-D along some direction ý, i.e. ! = 0.
I
2. The assumed 2-D boundary layer strip (( direction) is along constant radial
sections of the propeller blade.
Assumption two is particularly convenient using PSF10 as the inviscid panel solver
since the panelling of the blade is along constant radial strips which allows easier com-
putation of the necessary influence coefficients for the viscous solver. The necessary
code changes for a different assumed 2-D strip are given in Chapter 4.
The inviscid solver of PSF10 uses a perturbation potential panel method with an
iterative pressure Kutta condition to solve for the perturbation potential at discrete
control points on the blade. Reference [15] gives the full details of the inviscid for-
mulation. In summary the code solves the following equation for the perturbation
potential on the blade at the control point:
Npanel MI k
D ij q +EWim (Oc - 1
j=1 m=1
Sij n ( - E ZWim rU - m + K (AC,)k - 1  1 < i < Npane (3.7)
j=1 j m=1
PSF10 solves this for the perturbation potential €.
To incorporate the 2-D interactive boundary layer method of XFOIL we must add
blowing sources at the blade control points along each strip of the blade. Figure 3-4
shows a sketch of the panelling of the propeller blade. The blowing sources are added
such that the sources of one strip do not affect the blowing sources of any other strip.
In this way the boundary layer solution is decoupled along strips of the blade as
described in section 3.1. On the blade surface the "viscous" perturbation potential
in terms of the unknown blowing sources oj are
i = Oinvi + ( A-Bkj 0 j at each spanwise location, m (3.8)
Note that A, is the dipole influence matrix and B is the source influence matrix along
a blade strip. N, and N, are the number of blade panels and number of wake panels
along a given blade strip. Thus, panels off of the particular strip to be solved have
I
Figure 3-4: Sketch of stripwise blade panelling
no effect on the viscous solution. The effect of the panels off of a given strip for
the inviscid solution are contained in the the 0i,,j term. The i,,;, term is found
from the solution of equation 3.7. Note that equation 3.8 has exactly the same form
as equation 2.19 for the 2-D case. The difference in the two equations is in the
computation of qi,, and the influence functions. The 3-D dipole and source influence
functions are given by:
dipole Aii = 4 n
source Bij = -• r
(3.9)
(3.10)
For the wake blowing sources whose influence is in the Bij matrix the sources were
placed at the control points of the transition wake of the original PSF10 code. A
description of the wake construction is given in references [7] and [15].
.. I I
K CONTROL POINTS
NODE FOR BL
CALCULATION
Beginning with equation 3.8 the velocity at the nodes can be given in terms of an
inviscid velocity and a mass defect influence DIj. The derivation is the same as given
in section 2.4 beginning with equation 2.19. This expression for Ue
Nc + N,
Ue, = Uinvi + E Dijmj (3.11)
j=1
is substituted in the 2-D interactive boundary layer method of XFOIL to obtain the
viscous solution.
The perturbation potential in the wake is also found in a similar manner as the
2-D case. The inviscid terms of the perturbation potential consider all panels while
the viscous terms consider only the panels along a given blade strip. The analogous
equation in 3-D to equation 2.25 is
panei Npne O Nc+N
Owakei = E Ai; + E C• + Ci+EC j) (3.12)
j=1 j=1 j=
In this equation A! is the global dipole influence matrix, C.i is the global source
influence matrix, CjY is the source influence matrix confined to a blade strip, 4j is
the foil perturbation potential given by equation 3.8, (i) are the prescribed foil
sources, and o• are the unknown blowing sources along a blade strip. This equation
can further be simplified into an inviscid term and a term involving the unknown
blowing sources as
Nc+Nw
kwakei = Oinvw,agi+ E Gij+rj (3.13)
j=1
where
j=1 j=1
Gij •_ Awv-1 B,, + ffGo = ( Ak A,,,) Bj + CZ
In this equation Si,, is the inviscid potential solved from equation 3.7, A, is the dipole
matrix along a given blade strip and B is the foil and wake source influence matrix
along a given strip in equation 3.8. The dimensions of the influence functions in this
equation are:
A": N, x Npanel
Cs, : N, x Npanet
A'V: Nw x N.
A,: N, x N,
B : N. x N + N,
C': Nw x N. + Nw
The derivation for the edge velocity at the wake nodes is the same as for the 2-D
case with the result that
Nc +N,
Ue = Uinvi + E Dijmj (3.14)
j=1
This derivation is given in section 2.4 beginning with equation 2.26.
3.3 Special Issues Regarding 3-D Method
This section outlines four issues confronted in the 3-D method that were not con-
fronted in the 2-D method. In subsection one the differences between the original
PSF10 pressure calculation and the inviscid calculation used for the boundary layer
method are discussed. Subsection two discusses the application of the Kutta condition
as applied to the boundary layer method. Subsection three discusses the Reynolds
number input to the code. Subsection four discusses the simple modification to the
wake model near the trailing edge.
3.3.1 Original vs Boundary Layer Inviscid Calculation
The pressure calculation on the propeller blade is given by
C=1 - ( U, + W2 ) (3.15)
I
K-· Aa?-a, -~--- A
1
4i+1
Figure 3-5: Ui,., calculation at the blade control points
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Figure 3-6: U,. , calculation at the blade nodes
where U, is the non-dimensional edge velocity along the ( direction and We is the
non-dimensional edge velocity along the y direction of the propeller blade.
The original PSF10 code computes the U, velocity at the control point of the
propeller blade using a 3 point difference of second order. Referring to figure 3-5 the
equation for this calculation is
Uecontrol point
Ax- 2) + AX ( - _ i1) (3.16)A -2 A - I A - A -2
However, the boundary layer method must have the inviscid velocity at the nodes of
the propeller blade. Thus, the original calculation for the inviscid edge velocity is not
useful. Referring to figure 3-6 the method used for the inviscid edge velocity at the
nodes is
Uenode - AsAs
1 Il 
I 4 
gi B! I B •
---------- 
d
--- - --~-
e j
(3.17)
Note that since the node is not equally spaced between the two control points the
accuracy of this formula is only first order. Thus, the thrust, torque, and efficiency
are different using either the control point edge velocity or the node edge velocity.
To account for this difference in the final thrust, torque, and efficiency calculations
when Ue is further modified by the boundary layer solution I add (or subtract) back
the thrust, torque, and efficiency lost due to the degradation of the Ue,", calculation.
For example, say the original inviscid thrust computed from PSF10 was Kt = .150
but using the node edge velocity the inviscid thrust is Kt = .145. Lets further say the
viscous thrust computed from Ue which was modified by the boundary layer solution
was Kt = .135. Since this viscous value was calculated from the nodal edge velocity,
a thrust lost of 0.005 was due not to the viscous solution but due to the degradation
of the U,,, calculation. Thus, I correct the viscous value of thrust by adding 0.005
to the viscous thrust to obtain a value of Kt = .140 as the real solution to the viscous
thrust.
In my experience the difference between the thrust computed using the node or
control point edge velocity value decreases with an increasing number of panels. This
is because the first order method does not do as good a job as the second order method
in computing the leading edge pressure spike. By increasing the number of panels the
first order method better captures the spike and is closer to the value computed from
the control point value. Figure 3-7 shows a plot of the difference in thrust between
the two methods as the chordwise number of panels is increased for the DTRC 4119
propeller. Note that the thrust difference is small and decreases as the number of
panels increases.
3.3.2 Kutta Condition
The pressure Kutta condition in the original PSF10 code forces the upper and lower
trailing edge pressures to be equal. In 2-D the pressure Kutta condition is equivalent
to letting U,.upp, = Uelow•. at the trailing edge. In 3-D two components of velocity
10
v4-O
Go
O. 4o,
O*
00
0.N..0
9.
Inviscid Thrust Difference
Prop. 4119, J=.833, 10 rev/sec
20 spanwise stations
p p I - -
20 40 60 80 160Chordwise panels
Figure 3-7: Thrust difference using the control point vs. node Uei,,
exist. Therefore, satisfying the pressure Kutta condition in 3-D implies
U W2 2 + W2 (3 .18)
upper upper Tlower lower (3.18)
where U is the velocity along the ( direction and W is the velocity along the 77
direction. However, the 2-D boundary layer method must have Uppe,r = Ulower to
satisfies its Kutta condition. Hence a fundamental difficulty exists from the 3-D
solution since Uupp•r # Uower,.
To bypass this difficulty I manually set UTpper = UIower at the trailing edge when I
input the inviscid velocities into the boundary layer method. I compute this value by
computing the velocity in the wake very near the trailing edge and letting the trailing
edge value at both upper and lower stations equal this value. After the boundary
layer solution is complete and these trailing edge velocities have been altered by
the boundary layer solution the pressures at the leading and trailing edges are no
longer equal. This is very unsightly on a pressure plot and can effectively alter the
Typical 3-D Pressure Plot
3-d inviscid
------ 3-d viscous
Figure 3-8: Typical 3-D pressure plot
thrust produced by small amounts. Thus, a further correction to the trailing edge Ue
velocities to re-satisfy the pressure Kutta condition is applied.
To satisfy the pressure Kutta condition we must have
Uu + WI = U2 + W 2  (3.19)
Letting U, = UBL + AU and Ul = UBL + AUl where UBL is the upper and lower U
velocity from the boundary layer solution. Plugging these values into equation 3.19
gives
W 2 - W2AU = w -W (3.20)
4 UBL
Thus, the new upper and lower trailing edge velocities to satisfy the pressure Kutta
condition are given by U = UBL + AU. Figure 3-8 shows a typical pressure plot after
this correction has been added. Without this correction the viscous curve would not
have connected at the trailing edge.
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3.3.3 Reynolds Number Input
The value for Reynolds number input into PSF10-BL is
VDReD = D (3.21)
v
Note that V, is the ship speed or speed of the inflow of a water tunnel, D is the
propeller diameter, and v is the kinematic viscosity. The Reynolds number necessary
to input into the boundary layer routines is the chord Reynolds number. The chord
Reynolds number is defined by
Rec = (3.22)
where V, is the resultant inflow, and c is the chord. The resultant inflow velocity is
defined by
V = -V 2 + (2rnr)2  (3.23)
where n is the rotation speed in revolutions per second and r is the radius. The chord
Reynolds number is related to the diameter Reynolds number by
Re, = ReD C J- +1 (3.24)
Note that J is the advance coefficient defined by J = -s and R is the maximum
radius of the propeller.
3.3.4 Wake Panelling
As mentioned previously the wake control points for the blowing sources are located
at the control points of the original transition wake control points of PSF10. This
formulation gives essentially panels of equal arc length in the wake. For the boundary
layer method the panels near the trailing edge are very influential in the overall
solution. Therefore, I added a few wake panels near the trailing edge.
The wake panels were added by dividing the original first panel into smaller pan-
els. The new panels on the original first panel were added by locating the new (x,y,z)
coordinates on a line between the trailing edge and the original first wake node lo-
cation. The new nodes were distributed on this line using an exponential stretching
function to place very small panels near the trailing edge. Thus, the proper effect on
the boundary layer solution due to the wake very near the trailing edge is captured.
This method works very well; however, for one (and only one so far) case adding
these panels causes catastrophic failure in the inviscid solution. The case was the
DTRC 4119 propeller at exactly J=1.0. However, at J=1.01 and J=0.98 the inviscid
solution was fine. Therefore one should check this if catastrophic failure for the
inviscid method occurs when it shouldn't. For all other cases run to date no problems
have occurred by adding wake panels in this fashion.
3.4 Convergence Characteristics
An important quality of the boundary layer method presented here is its computa-
tional speed. A 2-D boundary layer calculation for 120 foil panels and 20 wake panels
such as those computed in Chapter 2 take about 10 seconds on the IBM RISC/6000.
However, in 3-D where the total number of panels is the multiple of the chordwise pan-
els times the number of spanwise stations the computation takes significantly longer.
Therefore, the need to determine when enough panels have been used is essential.
In chapter 2 results of displacement and momentum thickness verses increasing
number of panels were plotted to determine convergence characteristics. In 3-D we
will compare the section drag coefficients as the number of panels is increased. This
is equivalent to comparing the momentum thickness at the last wake station since
Cd = 2 0  (3.25)
Figures 3-9 and 3-10 show section drag coefficients for the DTRC 4119 propeller at
an advance coefficient of 0.833, a rotational speed of 10 revolutions per second, with
forced transition on both sides of the propeller blade at the midchord line. Figure 3-9
shows how the drag coefficients increase as the chordwise number of panels is increased
I
from 40 to 70. Figure 3-10 shows the section drag coefficients as both the chordwise
and spanwise panels are increased. These plots show that the 90x30 case is almost
identical to the 100x30 case and the 70x20 case is very nearly the same. The solution
degrades somewhat as the number of panels is decreased down to 40x20 but the drag
prediction is adequate for the coarser panelling.
The approximate computational time for the 40x20 case is 8 minutes and 56
seconds. For a purely inviscid calculation with 40x20 panels the time to compute
is approximately 6 minutes and 46 seconds. Thus, for this case only 25% of the
total computational time was spent in the viscous subroutines. This is a rather
small percentage. A fully 3-D boundary layer method would increase the time to
compute by at least an order of magnitude (and maybe much more than this) and
a Navier-Stokes calculation would require much larger computational costs than the
3-D boundary layer method. For the 100x30 case which takes several hours on the
IBM RISC/6000 the computational cost becomes a strong incentive to use the 2-D
strip method that was applied here rather than a fully 3-D boundary layer method
or a Navier-Stokes method.
A further comparison for an increasing number of panels is useful for the global
quantities of thrust, torque and efficiency. The thrust and torque coefficients and the
efficiency are defined by
T J2 Ai
KT = pn 2D 4  8 E R2(C)j(n.) (3.26)
KQ Q J2 AKQ1= =(C) (no) - (nz)i (3.27)pn2D5  yZ i R R RI
J KT77 K (3.28)
where xi, yi, zi, (n,)i, (ny)i, (nz)i, and Ai are, respectively, control point coordinates,
unit normal vector components, and area for the i-th panel. Note also that Cp is
the pressure coefficient, J is the advance coefficient, R is the maximum radius of the
blade, Z is the number of blades, p is the density, n is revolutions per second of the
blade, D is the diameter, T is the thrust, Q is the torque and 77 is the efficiency.
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and efficiency for the DTRC 4119
case Kt,,, % disc Kq,,, % disc 77,,, % disc
40x20 0.1558 6.7 0.02634 5.9 0.7842 13.3
50x20 0.1565 7.2 0.02655 5.2 0.7813 12.9
60x20 0.1570 7.5 0.02669 4.7 0.7796 12.7
70x20 0.1572 7.7 0.02676 4.4 0.7787 12.5
80x20 0.1574 7.8 0.02682 4.2 0.7781 12.4
90x30 0.1535 5.2 0.02631 6.0 0.7737 11.8
100x30 0.1532 4.9 0.02626 6.2 0.7734 11.8
experiment 0.146 - 0.0280 - 0.692 -
Table 3.2: Comparison of viscous thrust,
Dropeller at J=0.833. 10 rev/sec
torque, and efficiency for the DTRC 4119
case Kt,, % disc Kv,i, % disc 7 ,vi, % disc
40x20 0.1516 3.8 0.02838 1.4 0.7077 2.3
50x20 0.1522 4.2 0.02862 2.2 0.7050 1.9
60x20 0.1527 4.6 0.02879 2.8 0.7031 1.6
70x20 0.1529 4.7 0.02888 2.9 0.7022 1.5
80x20 0.1531 4.9 0.02895 3.4 0.7011 1.3
90x30 0.1494 2.3 0.02847 1.7 0.6957 0.5
100x30 0.1489 2.0 0.02841 1.5 0.6950 0.4
experiment 0.146 0.0280 - 0.692 -
Table 3.1 shows the inviscid values as the number of panels is increased and the
percent discrepancy to the experimental value reported by Jessup [13]. Table 3.2
shows the viscous values of thrust, torque and efficiency as the number of panels is
increased as well as the percent discrepancy to experiment. Note that the convergence
for increasing number of panels is relevant to the purely inviscid solution as well as
the viscous solution. Figures 3-9 and 3-10 show that 90x30 panels are sufficient for
the viscous solution. Table 3.1 shows that the 90x30 case is also sufficient for the
inviscid solution. Note that the inviscid solution is more sensitive to the spanwise
number of panels than the viscous solution. This is because the inviscid solution is
completely global while the viscous portion of the solution is dependent only on a
particular strip.
One good property of this method is that as the number of both spanwise and
chordwise panels is increased the percent discrepancy for the thrust and efficiency
Table 3.1: Comparison of inviscid thrust, torque,
propeller at J=0.833, 10 rev/sec
1
decreases. The torque for the 40x20 and 100x30 cases is very nearly equal although
the discrepancy from experiment increases slightly for the 100x30 case. One should
note that the inviscid solution becomes worse if the chordwise number of panels
are increased while the spanwise number of panels are held constant. Since any
degradation of the inviscid solution affects the boundary layer solution care should
be taken when increasing the panels. The other nice property of this method is the
improvement of the percent discrepancy for the viscous solution as compared to the
inviscid solution, especially for torque and efficiency.
One final note about these results. The difference between the viscous and inviscid
values of thrust, torque, and efficiency include two quantities. The first quantity is
the decrease in lift caused by the changing edge velocity distribution (see Figure 2-
4 for example). The second quantity is the section drag coefficient computed from
the momentum thickness in the far wake. For this particular case about 20% of the
thrust degradation was caused by the changing pressure distribution alone while the
remaining 80% was due to the section drag. The torque difference between inviscid
and viscous results was due only 5% to the changing pressure distribution alone while
the efficiency change was due almost entirely to the section drag values. For other
cases run these percentages can be much different, especially for thrust, and to a
lesser extent the torque and efficiency.
A major advantage of this method is the separation of viscous contributions due to
the loss of lift of the changing viscous pressure distribution and the skin friction con-
tribution. In the original PSF10 code an empirical, constant skin friction coefficient
was added to account for viscous effects. The present method has two major advan-
tages over the original method. First, the thrust degradation due to the changing
pressure can be computed. In some cases I have run this contribution is significant.
Upwards of 50% of the total thrust lost can be due to viscous effects changing the
pressure distribution. Second, the present method computes the section drag which
is in general not constant along the blade. Assuming a proper constant empirical
drag value is chosen in the original code, this has a small effect on thrust prediction.
However, the effect of non-constant section drag is much larger on the torque and
I
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Figure 3-11: Picture of the DTRC 4119 propeller
efficiency.
3.5 Results for the DTRC 4119 Propeller
This section presents results of PSF10-BL for the DTRC 4119 propeller [2]. A pic-
ture of the conventional looking DTRC 4119 propeller is given in figure 3-11. The
geometry data for this propeller is given in Appendix A. The results are compared
to experimental values from Jessup [13]. The DTRC 4119 propeller was designed for
an advance coefficient of 0.833.
Figures 3-12 and 3-13 show the displacement thickness at the r/R=0.7 station
for a smooth DTRC 4119 propeller at J=0.833. The boundary layer was forced to
trip to turbulent in PSF10-BL at x/c=0.5 on the suction side of the blade, while
during the experiment natural transition occurred at this station. On the pressure
side no forced transition location was specified and the transition detection routine
in PSF10-BL using a critical amplification factor equal to 9 found transition to occur
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Figure 3-13: Pressure side 1 for smooth DTRC 4119 propeller
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around x/c=0.8. These characteristics of the boundary layer can be seen by the
"dips" in displacement thickness at these locations in figures 3-12 and 3-13. PSF10-
BL compares very well to the experimental results on the suction side of the blade.
On the pressure side of the blade PSF10-BL slightly overpredicts the displacement
thickness, except near the trailing edge. After transition the PSF10-BL solution
passes directly through the experimental result. This is probably a lucky coincidence.
Figures 3-14 and 3-15 show displacement thickness at the r/R=0.7 station for the
DTRC 4119 propeller at J=0.833 that was artificially tripped to turbulent at the lead-
ing edge. In PSF10-BL this was accomplished by forcing transition at the x/c=0.05
station on both sides of the blade. During the experiment the blade was roughened to
stimulate turbulence. Figure 3-14 gives a comparison between PSF10-BL and exper-
iment on the suction side of the blade for the tripped case. Near the leading edge the
comparison to experiment is not good but past the x/c=0.5 station the comparison is
good. The experimental values near the leading edge look highly questionable since
L should be small near the leading edge. The questionable experimental results are
C
probably due to the roughening procedure of the blade. Figure 3-15 gives a com-
parison between PSF10-BL and experiment on the pressure side of the blade for the
tripped case. The comparison between PSF10-BL and experiment is very good.
Figure 3-16 shows the section drag coefficients computed from PSF10-BL com-
pared to the experimental values of Jessup [13] for a smooth DTRC 4119 propeller at
J=0.833. Note that in both the experimental and PSF10-BL results the section drag
was determined as twice the momentum thickness in the far wake.
Three different PSF10-BL calculations, corresponding to different input, are plot-
ted on Figure 3-16. The three cases plotted are the 40x20 panelling with both sides of
the blade forced to transition at x/c=0.5, the 100x30 panelling with both sides of the
blade forced to transition at x/c=0.5, and the 100x30 panelling with only the suction
side of the blade forced to transition at x/c=0.5. Note the difference between the
100x30 cases. This shows how drag increases when transition is forced on one side
rather than both sides of the blade. The experimental results showed that for the
r/R=0.7 station transition occurred at x/c=0.5 on the suction side only. However,
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it is unclear at other stations where transition developed. Thus, the results cannot
be exactly duplicated by PSF10-BL. However, except for the experimental point at
r/R=0.4, the comparison between PSF10-BL and experiment is acceptable. It may
be possible by playing with an uneven distribution of transition points along the blade
to be able to match the drag value at the r/R=0.4 station while also matching drag
values at other stations. Such an exercise does not seem vary valuable and was not
attempted. It is also possible that the experimental value at r/R=0.4 is in error.
Figure 3-17 shows the section drag curve for the tripped DTRC 4119 propeller
blade. Two PSF10-BL curves are shown. The first is the 40x20 curve in which both
sides of the blade were tripped to turbulent at x/c=0.05. The second curve shows
the results of the "smooth" blade where the boundary layer was forced turbulent at
x/c=0.5. The experimental curve is from Jessups' [13] results for the rough blade.
Note the increase in drag when the transition point is moved closer to the leading
edge. This trend is also found from experiment. The tripped case at x/c=0.05 slightly
overpredicts the drag compared to experiment. However, the results are acceptable.
The remaining comparisons to experiment are the curves for thrust, torque, and
efficiency of the propeller blade. The experimental results are from open water tests
performed in the DTRC towing basin and are reported in Jessup [13].
Figures 3-18, 3-19, and 3-20 show inviscid, viscous, and experimental results of
thrust, torque, and efficiency as a function of advance coefficient for the smooth DTRC
4119 propeller blade. The viscous values of thrust are not significantly different from
the inviscid values, but they do match experiment better than the inviscid results.
The viscous values of torque match experiment much better than the inviscid results.
For this particular case four of the five viscous values of torque lie directly on the
experimental curve. The viscous values of efficiency also match experiment much
better than the inviscid values. Notice from these results that the viscous correction
from the potential solution is especially important for the torque and efficiency and
to a lesser extent the thrust.
Figures 3-21, 3-22, and 3-23 show viscous values of thrust, torque, and efficiency
for the tripped DTRC 4119 propeller blade. In this case the experimental results
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are for the smooth blade. The purpose of these plots is to compare how the global
values of thrust, torque, and efficiency change when the transition point is moved
toward the leading edge which in turn produces more drag. In each case the thrust is
slightly smaller than the smooth value, the torque is slightly larger, and the efficiency
is slightly smaller. Also note that a value at J=1.1 is found for the tripped blade.
When this case was run for the smooth blade PSF10-BL was having convergence
trouble because free transition was predicted near the leading edge and there were
not sufficient panels near the leading edge to capture a converged solution. By tripping
the boundary layer earlier a converged solution was obtained at J=1.1 which matches
experiment very well. This is another significant advantage of this method. When
the viscous properties of the blade are significant in the form of earlier transition
to turbulence or even separation in a severe case, PSF10-BL will detect this. The
DTRC 4119 propeller is a well designed propeller whose viscous properties are good.
Not all propellers, especially poorly designed propellers, have good viscous properties.
PSF10-BL is a good tool to check for poor viscous properties.
Advance Coefficient, J
Figure 3-21: Thrust coefficient for the tripped DTRC 4119 propeller
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Chapter 4
Modifying the Constant Radial
Strip Assumption
Chapter 3 discusses the two assumptions used in this method. These assumptions
are
1. The boundary layer is locally 2-D along some direction (, i.e. 9 = 0.
2. The assumed 2-D boundary layer strip (( direction) is along constant radial
sections of the propeller blade.
Assumption 1 above is essential to use the 2-D boundary layer routines of XFOIL.
The second assumption can be varied depending on what is believed to be the direction
of 2-D flow along the blade. Presently, PSF10-BL has chosen to use the constant radial
strips as discussed in Chapter 3. However, since this is not essential I want to discuss
the methodology to change the second assumption above.
Two methods of changing assumption 2 from above exist. The first method in-
volves changing the panelling distribution on the propeller blade. PSF10-BL presently
uses panels generated along constant radial strips. Therefore, all influence coefficients
input to the boundary layer routines assume the boundary layer is along constant
radial strips. The influence function calculations are independent of the panelling
distribution in PSF10-BL. If the panelling on the propeller blade is changed this
automatically changes the influence function calculations which in turn changes the
assumption of which blade strip 2-D boundary layer flow occurs. Thus, one may
change the panelling distribution to modify assumption 2 above. The major draw-
back of this method is that one must change the panelling routine each time a new
assumption is desired. This is not always a trivial task. However, Hsin et al. [12]
have created a blade orthogonal grid for PSF10 which could be used in modifying
assumption 2 , although it was not designed for this purpose.
The second method for changing assumption 2 from above is to use a coordinate
transformation to change which strip along the propeller blade the boundary layer
equations are integrated. Three parameters from the inviscid solution are input to
the boundary layer routines. These are the inviscid velocity, Uin,,, the mass defect
influence matrix, Dij, and the arc length of each panel, dsi. Referring to figure 4-1
assuming an invariant direction 77 at each node location of the propeller blade one
can relate this new assumed invariant direction coordinate system to the constant
radial coordinate system through the angle 0. The angle 0 can be different at each
node location, but it must be assumed to be known. The values of Ui,,, Dij, and ds;
in the original constant radial coordinate system can be related to the new invariant
direction coordinate system at each boundary layer node by
d;i = dsi sin 9O (4.1)
Dij, = Dij, sin Oi sin 09 (4.2)
Uiv, = Uinv,, sin Oi - Winv, cosOi (4.3)
In these equations the original radial coordinates are given in (s,z) and the new in-
variant coordinates are given in ((, 7) as shown in figure 4-1. By assuming 0, or
equivalently the invariant direction 77, this coordinate transformation is straightfor-
ward.
The variable in the above equations is the direction of the invariant coordinate 77.
As discussed in Chapter 3 insufficient experimental data exists to confidently choose
a different invariant direction than the one previously chosen. However, the code
U
Figure 4-1: The new invariant ((, 4) coordinate system
Figure 4-2: Assumed invariant direction along spanwise panelling
U
exists in the present version of PSF10-BL to change assumption 2 above using the
coordinate transformation described here.
To test the coordinate transformations from above I assumed that the invariant
direction r was in the direction of the spanwise panelling scheme as shown in figure 4-
2. Using this assumption Oi is computed at each node, the above transformations are
carried out and the new Ui,,, Dij, and dsi are input into the boundary layer routines.
However, the results were less than desirable. One major problem encountered was
the large variance in Oi using this assumption. When the transformation was applied
Dij lacked the diagonal dominance necessary for convergence of the 2-D boundary
layer method. This indicates that this assumption is inappropriate. It is also likely
that ý. = 0 is a poor assumption for any choice of Oi near the tip, since the flow
there is nowhere near 2-D like. Using Oi = 90, i.e. constant radial strips, just happens
to give better diagonal dominance.
The assumption of constant radial strips proved to be a good assumption for the
cases run in Chapter 3. Therefore, no major effort was made to choose a different
invariant angle for the coordinate transformations above. If future experimental in-
formation is obtained to warrant a change in the constant radial strip assumption,
PSF10-BL can be easily modified to accommodate the assumption.
m
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Chapter 5
Conclusions
This thesis presents a viscous/inviscid boundary layer procedure to study the viscous
flow around marine propellers. The scheme uses a 3-D perturbation potential panel
method with a 2-D boundary layer solver applied along constant radial strips of the
propeller blade.
Chapter 2 describes how the perturbation potential panel method is coupled to
the boundary layer solution in a 2-D sense. Results are presented comparing this pro-
cedure to XFOIL which uses a linear vorticity panel method with the same boundary
layer procedure. The comparisons between these two methods is very good.
Chapter 3 describes the coupling of the 2-D boundary layer method to the 3-D
perturbation potential panel method of PSF10. The boundary layer solution is ap-
plied along radial strips of the propeller blade. Results of displacement thickness,
section drag, thrust coefficient, torque coefficient and efficiency are compared to ex-
periment. Good correlation is obtained between the computation and experiments.
This shows the validity of assuming that the boundary layer flow is 2-D along a ma-
jor portion of the propeller blade. Useful information about the global quantities of
thrust and torque as well as local boundary layer quantities such as displacement and
momentum thickness along a particular blade and wake strip can be predicted using
the resulting PSF10-BL code presented in this thesis.
Chapter 4 presents the methodology to modify the assumption of a 2-D boundary
layer along radial strips of the blade. Two implementation methods for changing this
assumption are presented. The present assumptions are acceptable for application to
the conventional marine propeller; however, these assumptions may need modification
for a highly skewed propeller.
The PSF10-BL code presented has proved to be useful for studying the viscous
flow around a conventional marine propeller such as the DTRC 4119 propeller. As-
suming that the boundary layer flow is 2-D along radial strips, this code can easily be
applied to other propellers. The choice of the DTRC 4119 propeller was made primar-
ily because of the availability of boundary layer measurements to compare with the
computational results. PSF10-BL has been successfully applied to other marine pro-
pellers including highly skewed modern propellers, but insufficient experimental data
exists to compare with the computational results. Until comparisons have been made
between computational and experimental results for a highly skewed propeller the
results of PSF10-BL will be questioned. It is the author's opinion that such a study
is needed to be able to apply PSF10-BL confidently to the more modern propellers.
mU
Appendix A
Geometry Data for the DTRC
4119 Propeller
Geometry of DTRC Propeller 4119
D: 1.00 ft. (0.305 m)
: Right Hand
f Blades: 3
eter Ratio: 0.20
,Rake,iT: none
dvance Coefficient, J: 0.833
Thickness Form: NACA66(DTRC Modified)
Meanline: NACA, a-0.8
hrust Coefficient, Kt: 0.150
P/D
1.105
1.102
1.098
1.093
1.088
1.084
-1.081
1.079
1.077
1.075
0,
0
0
0
0
0
0
0
0
0
0
iT/D
0
0
0
0
0
0
0
0
0
0
tM/C
0.2055
0.1553
0.1180
0.09016
0.06960
0.05418
0.04206
0.03321
0.03228
0.03160
r/R
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.95
1.0
fM/C
0.01429
0.02318
0.02303
0.02182
0.02072
0.02003
0.01967
0.01817
0.01631
0.01175
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